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Abstract 

Background: We recently identified Rbm24 as a novel gene expressed during mouse cardiac development. Due to 
its tightly restricted and persistent expression from formation of the cardiac crescent onwards and later in forming 
vasculature we posited it to be a key player in cardiogenesis with additional roles in vasculogenesis and 
angiogenesis. 

Results: To determine the role of this gene in cardiac development, we have identified its zebrafish orthologs 
{rbm243 and rbm24b), and functionally evaluated them during zebrafish embryogenesis. Consistent with our 
underlying hypothesis, reduction in expression of either ortholog through injection of morpholino antisense 
oligonucleotides results in cardiogenic defects including cardiac looping and reduced circulation, leading to 
increasing pericardial edema over time. Additionally, morphant embryos for either ortholog display incompletely 
overlapping defects in the forming vasculature of the dorsal aorta (DA), posterior caudal vein (PCV) and caudal vein 
(CV) which are the first blood vessels to form in the embryo. Vasculogenesis and early angiogenesis in the trunk 
were similarly compromised in rbm24 morphant embryos at 48 hours post fertilization (hpf). Subsequent vascular 
maintenance was impaired in both rbm24 morphants with substantial vessel degradation noted at 72 hpf. 

Conclusion: Taken collectively, our functional data support the hypothesis that rbm24o and rbm24b are key 
developmental cardiac genes with unequal roles in cardiovascular formation. 



Background 

During vertebrate embryogenesis the heart is the first 
organ to develop and achieve functionality. Model 
organism studies have uncovered a number of genes 
such as Nkx2.5, which have important functions in early 
vertebrate myocardial development and differentiation 
[1,2]. Despite an increasing body of data illuminating 
the roles played by several key genes during cardiac 
development, there is still much to learn about what 
other factors may be critical. The general stages of car- 
diac development are invariable throughout vertebrate 
model organisms where heart development has been 
examined, with zebrafish progressing through these 
stages at a particularly rapid rate [3]. During zebrafish 
cardiogenesis the heart cone is the first structure to 
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form between 19-20 hpf, followed by the formation of a 
short cardiac tube lacking discrete chambers by 24 hpf. 
Subsequently the cardiac tube lengthens and distinct 
ventricle and atrium chambers are discernable by 30 hpf 
with heart tube looping occurring around 36 hpf. A 
functional two chambered zebrafish heart is visible by 
48 hpf [4]. 

In a recent transcriptional profiling study, we com- 
pared the signatures of mouse embryonic stem cells as 
they were differentiated towards cardiac cell fates in an 
effort to uncover novel critical cardiac genes. In this 
initial study we described the cardiac developmental 
expression of 31 identified candidate genes with pre- 
viously unknown roles in cardiogenesis. Furthermore, 
nine of these transcripts were expressed in the forming 
cardiac crescent of the mouse embryo [5], consistent 
with roles in the earliest stages of heart development. 
Based on the early cardiac expression of these genes we 
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predicted they likely play significant roles in heart 
development. 

In this paper we report functional evaluation of one of 
these genes, Rbm24, through the identification, charac- 
terization and knockdown of its zebrafish {Danio rerio) 
orthologs. Rbm24 is a member of the RNA binding pro- 
tein family, based upon the identification of a RNA 
recognition motif (RRM) in amino acid residues 12-84. 
RRMs are the most common and best characterized 
RNA binding modules with many functioning in most 
post-transcriptional processes [6]. The RRM is com- 
posed of four-stranded anti-parallel P -sheets with two 
helices packed against it such that the domain has the 
split ap (PaPPaP) topology [7]. Often, RRMs function 
in concert to increase binding specificity possibly 
because the number of nucleotides recognized by a sin- 
gle RRM is generally too small to define a unique bind- 
ing sequence [8]. RRMs are found in a variety of RNA 
binding proteins, including several hnRNP proteins, pro- 
teins implicated in regulation of alternative splicing, and 
protein components of snRNPs indicating a diverse role 
of these motifs in cellular development and function. 

As we have shown previously, the mouse Rbm24 tran- 
script is upregulated in the cardiac progenitor popula- 
tion and is expressed from the earliest stages of cardiac 
specification, in the cardiac crescent, and subsequently 
within the heart tube and looping heart [5]. Based upon 
these observations we hypothesized that Rbm24 plays a 
crucial role in cardiogenesis. In this study we investi- 
gated the putative role of Rbm24 in cardiac develop- 
ment. We have identified two rbm24 zebrafish orthologs 
(termed rbm24a and rbm24b), and demonstrate that 
their spatial expression is consistent with our observa- 
tions in mice. We use rbm24a and rbm24b translation 
blocking morpholino antisense oligonucleotides (MO) in 
the early embryo and demonstrate that each zebrafish 
rbm24 ortholog has a key but unequal role to play in 
cardiac development. Additionally, we demonstrate a 
role for rbm24a and rbm24b in normal vascular devel- 
opment. Vascular development consists of vasculogen- 
esis which is the de novo formation of the first vascular 
vessels and subsequently angiogenesis which is the for- 
mation of additional vasculature as extensions of exist- 
ing vasculature. Zebrafish vasculogenesis results in the 
formation of the main trunk vessels with the DA first to 
form (24 - 26 hpf) followed by the CV and PCV (28 - 
30 hpf) and several heart vessels generating the first sin- 
gle circulation loop. Angiogenesis can be observed in 
the trunk by 24 hpf as intersegmetal vessels (Se) begin 
to form as paired dorsally extending branches off the 
DA and subsequently off the PCV (-32 hpf). As the Se 
reach the dorsal line of the embryo the ends of the ves- 
sels form connections resulting in two dorsal longitudi- 
nal anastomotic vessels (DLAVs) running along the 



anterior-posterior (A-P) axis of the embryo at the dorsal 
line. By 48 hpf these trunk vessels are fully formed with 
circulation [9,10]. Our findings show the requirement 
for rbm24a and rbm24b in cardiac development and 
vasculogenesis with a more pronounced role for 
rbm24a, and an additional putative role for rbm24a in 
angiogenesis. 

Results 

Phylogenetic comparative analysis establishes two rbm24 
orthologs in zebrafish 

We recently reported the identification of Rbm24 as one of 
a number of novel transcripts discretely expressed in the 
earliest stages of cardiac development in the mouse embryo 
[5]. To facilitate determination of the biological require- 
ment for this gene during vertebrate embryonic develop- 
ment, we first set out to identify the orthologous gene/s in 
zebrafish. In the transition between assembly Zv8 and Zv9 
of the zebrafish genome, first one and then a second puta- 
tive rbm24 ortholog was identified. The current assembly 
(Zv9) identifies a protein coding gene as rbm24a residing 
on chromosome 19 and also a novel annotation of a puta- 
tive rbm24b protein coding gene residing on chromosome 
16. To confirm the validity of these most recent changes to 
the genome annotation we compared these findings to our 
own comparative genomic analyses. 

The first annotated rbm24a gene encodes a protein 
that displays strong similarity to the mouse Rbm24 (E- 
value = 3e-90; 188/237 (79%) amino acids). Using the 
mouse Rbm24 as a blastp query to search the NCBI 
RefSeq database of D. rerio proteins we detected strong 
similarity (E-value = 5e-61; 103/116 (88%)) to a 
hypothetical protein LOC562236 encoded by a gene 
{zgc: 136803) on chromosome 16 (Zv8). This protein is 
now termed rbm24b in Zv9. The identification of these 
genes as rbm24 orthologs is further supported by the 
identification of a pair of annotated rbm24 paralogs in 
both the medaka {Oryzias latipes; chr. 11, 16) and puf- 
ferfish {Tetraodon nigroviridis; chr. 21 and 8) genomes. 
Zebrafish chromosome 19, where rbm24a resides, shares 
a common evolutionary origin with O. latipes chromo- 
some 11 and T. nigroviridis chromosome 21 [11]. Simi- 
larly, chromosomes 16 and 8 in O. latipes and T, 
nigroviridis y respectively, map to the rbm24b region of 
chromosome 16 in D. rerio, 

rbm24a and rbm24b display cardiovascular expression 
during embryogenesis 

The spatial and temporal expression of both rbm24 
orthologs was determined using RNA in situ hybridiza- 
tion (ISH) (Figure 1). Both rbm24 orthologs show car- 
diac expression early in development. At 15.5 hpf we 
detected rbm24a but not rbm24b expression in myocar- 
dial precursor cells (Figure IB and IC). By 24 hpf both 
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Live embryo | \rbm24a in situ\ \rbm24b in situ 




Figure 1 rbm24a and rbm24b display cardiovascular expression during embryogenesis. Expression of rbm24 transcripts was evaluated in 
uninjected embryos fixed at 15.5, 24, 48 and 72 Upf. Live embryos 15.5 hpf with area of interest for rbm24 in situ boxed in wliite (A). Lateral 
heart views of rbm24a and rbm24b in situs on uninjected 15.5 hpf embryos showed expression linearly organized myocardial precursor cells for 
rbnn24a (black box, B) but not rbm24b (C). Live embryos 24 hpf with area of interest for rbm24 in situ boxed in white (D). Lateral heart views of 
rbm24o and rbm24b in situs showed expression in the developing heart tube at 24 hpf (black box, E, F) with lens expression for rbm24a alone. 
48 hpf live embryo showing the heart boxed in white (G). Lateral zoom of the heart showed rbnn24o and rbm24b were expressed in the 
ventricle (v) and atrium (a) of the looped heart at 48 hpf (H, I). Live 72 hpf embryos with the heart boxed in white (J). Expression of both fbm24 
transcripts was detected in the heart at 72 hpf (K, L). Live image of a 72 hpf embryo with the area of interest for vascular expression boxed in 
white (M). Expression of both fbm24 transcripts was detected in the trunk vasculature with differing expression patterns. rbm24a shows arterial 
expression in the DA (N) while rbm24b shows venous expression in the PCV (0) with both being expressed in the IV. DA, dorsal aorta; PCV, 
posterior caudal vein; IV, intestinal vasculature. 
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rbm24a and rbm24b expression was detected in the 
forming heart (Figure IE and IF). Expression of rbm24a 
was also detected in the lens of the eye. By 48 hpf, and 
continuing through 72 hpf, rbm24a and rbm24b exhibit 
broad expression throughout the heart, although expres- 
sion of rbm24a was higher in the atrium than the ven- 
tricle. By contrast expression of rbm24b appeared 
uniformly expressed in both heart chambers (Figure II 
and IL). These data are consistent with cardiac expres- 
sion of the mouse Rbm24 ortholog, and suggest incom- 
pletely overlapping requirements for rbm24a and 
rbm24b during zebrafish cardiac development. 

By 72 hpf both rbm24a and rbm24b show incomple- 
tely overlapping vascular expression in addition to car- 
diac expression. rbm24a is expressed in the DA and 
intestinal vasculature (IV) while rbm24b is expressed in 
the PCV as well as the IV (Figure IN and lO). The 
early expression of both rbm24a and rbm24b in both 
the heart and vasculature suggests potentially important 
roles in cardiogenesis and vasculogenesis. 

rbm24a and rbm24b are required for normal cardiac 
development 

To determine the functional role of the rbm24 orthologs 
in cardiac and vascular development, translation blocking 
morpholino antisense oligonucleotides (MO) were 
designed against the 5' UTR of each transcript. The effects 
of gene knockdown was assessed for each ortholog indivi- 
dually post microinjection of either MO into zebrafish 
embryos at the 1-2 cell stage. Titration experiments were 
conducted to determine MO quantities sufficient to 
induce a consistent phenotype in a majority of embryos 
injected (Additional File 1). Injection of 5 ng of rbm24a 
MO or 8 ng rbm24b MO resulted in a robust cardiac phe- 
notype for a significant number of injected embryos at 48 
hpf (64/67 and 59/62 respectively) (Table 1), compared to 
uninjected embryos (Figure 2 A, B and 2D). During cardio- 
genesis the heart tubes of all affected morphant embryos 
failed to correctly loop, remaining linear but with distinct 
ventricular and atrial chambers (Figure 2). Affected 
embryos also exhibited reduced blood circulation, which 
led to cardiac edema in all cases by 48 hpf and continually 
worsened as development progressed (Additional File 2, 3, 
4, 5, 6, 7, 8, 9, 10). A subset of rbm24a MO treated 
embryos (6/64) displayed an even more severe phenotype, 
lacking a distinct heart tube and exhibiting a beating focus 



of periodically contracting cells. This poorly organized car- 
diac structure was located ventral to the embryo between 
the embryo and the yolk suggesting a defect in the migra- 
tion and organization of the cardiac fated cells. Similarly 
reduction of rbm24a or rbm24b expression using splice 
blocking morpholinos, designed against the second intron/ 
exon boundary, also resulted in cardiac looping defects 
and cardiac edema in a majority of embryos (92.7% and 
54.4% respectively) (Additional File 11). Knockdown effi- 
ciency was evaluated by RT-PCR for embryos displaying 
cardiac looping defects and cardiac edema after injection 
with splice blocking morpholino. Both rbm24a and 
rbm24b transcript levels were significantly reduced to 
42.80% +/- 3.35, P < 6.5 X 10'^ and 40.27% +/- 3.19, P < 
4.4 X 10'^ of transcript levels in respective uninjected con- 
trols (Additional File 12). We used translation blocking 
MO in all subsequent MO-based experiments due to their 
greater efficacy. 

To confirm the phenotype observed in the rbm24 mor- 
phants was not due to non-specific morpholino toxicity, 
embryos were co-injected with pS3 morpholino and 
rbm24a MO or rbm24b MO (Methods). The cardiac phe- 
notypes remained unchanged in the presence of the pS3 
morpholino (Additional File 13). We then performed 
phenotype rescue for both rbm24 morphants to deter- 
mine the sequence specificity of the observed morphant 
phenotypes. We generated full length capped poly-A 
RNA transcripts for each ortholog and co-injected each 
along with the respective rbm24 MO, directed against 
the 5'UTR not present in the in vitro transcribed RNA. 
Rescue for rbm24a MO was achieved with 800 pg of 
RNA (36/45) while 50 pg of RNA was sufficient for 
rbm24b MO rescue (35/47). For both orthologs rescue 
resulted in properly looped hearts, normal systemic cir- 
culation and an absence of cardiac edema and by 72 hpf 
and continuing to 96 hpf (Figure 2F, H, J, K, M and 2P). 
Taken collectively, these data suggest the phenotype seen 
with each rbm24 MO is a specific result of reduction in 
gene expression and support the inference from ISH 
expression data that both rbm24 orthologs are required 
for normal cardiac development. 

Depletion of rbm24a and rbm24b compromise cardiac 
myocardium development 

To better evaluate the impact to the heart of reducing 
rbm24a or rbm24b we assayed the expression of several 



Table 1 Number of embryos with cardiac defects in rbm24 morphant and rescue conditions 

Morpholino Dosage Embryos Studied Looping Defects Cardiac Edema No Cardiac Organization 

rbm24a MO 5 ng 67 58 (86.6%) 64 (95.5%) 6 (9%) 

rbm24o rescue + 800 pg RNA 45 9 (20%) 9 (20%) 0 

rbm24b MO 8 ng 62 59 (95.2%) 59 (95.2%) 0 

rbm24b rescue + 50 pg RNA 47 12 (25.5%) 12 (25.5%) 0 
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Figure 2 rbm24a and rbm24b are required for normal cardiac development. Translation blocking morpholinos complementary to rbm24a 
(5 ng) or rbm24b (8 ng) were injected into 1-2 cell stage zebrafish embryos and the resulting phenotypes were evaluated compared to 
uninjected controls at 48 hpf (A, B, D), 72 hpf (F,G,I), and 96 hpf (K, L, 0). Lateral heart views are shown with a dotted outline around the heart 
chambers. Both morphant embryo conditions exhibited cardiac looping defects and edema at all stages. Heart chambers are shown with a 
dotted outline with chambers denoted: v, ventricle; a, atrium; black arrows, cardiac edema. Phenotype rescue was achieved for each rbm24 via 
co-injection of each respective full length capped poly-A RNA transcript {rbm24o 800 pg, rbm24b 50 pg) along with the respective 
complementary translation blocking morpholino into 1-2 cell stage embryos where 800 pg rbm24a (C, H, M) or 50 pg rbm24b (E, J, P) achieved 
rescue. Rescued embryos posses looped hearts absent of edema. 



key myocardial transcripts by ISH, including myosin 
light polypeptide 7, myl7 (heart), myosin heavy polypep- 
tide 6, myh6 (atrium) and ventricular myosin heavy 
chain, vmhc (ventricle). Expression of each marker was 
evaluated in control (uninjected), rbm24a MO and 
rbm24b MO injected embryos fixed at 72 hpf at which 
point the zebrafish heart is normally, looped, fully devel- 
oped and functioning, allowing us to comment in 
greater detail on the structural deficits contributing to 
the gross morphological morphant phenotypes. When 
examining the entire heart, both rbm24a and rbm24b 
morphant embryos exhibit strong myl7 expression levels 
comparable to that of controls albeit within an unlooped 
heart tube. The hearts of controls by contrast are appro- 
priately looped (Figure 3 A - F). Additionally in rbm24a 
morphants defects of the presumptive atrium of the 
forming heart tube appear more severe than in the ven- 
tricular portion (Figure 3C and 3D). By contrast organi- 
zation of the developing ventricle and atrium in rbm24b 



MO embryos appears equally compromised (Figure 3E 
and 3F). Expression of the atrial marker myh6 for both 
rbm24 morphants appears qualitatively similar to levels 
in uninjected controls. Presumptive atria of rbm24a 
morphant heart tubes appear linear and truncated, while 
to rbm24b morphants also have linear longer heart 
tubes, both contrasting with the looped atrium observed 
in uninjected controls (Figure 3G - L). These data are 
consistent with the observations that rbm24a expression 
was higher in the atrium than the ventricle by 72 hpf, 
contrasting with the more uniform expression observed 
for rbm24b across both heart chambers (Figure 1). 

Both rbm24 morphant conditions exhibited a near 
abrogation of the levels of the ventricular marker vmhc 
compared to strong expression in uninjected controls 
(Figure 3M - 3R). In rbm24a MO morphants expression 
of vmhc was faint but with expression clearly bounded 
to the heart tube with a clear ventricular portion; how- 
ever, the expression uncharacteristically extended 
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Figure 3 Depletion of rbm24a and rbm24b compromise cardiac 
myocardial development. The expression patterns of cardiac 
marl<ers were analyzed in rbm24 morphants and uninjected controls 
at 72 hpf. Ventral and lateral images of the heart are shown with a 
dotted line marking the boundary between heart chambers. By 
my/7 expression of the entire heart, uninjected controls possess 
looped hearts with defined ventricle and atrium chambers (A, B) in 
contrast to unlooped hearts for both rbm24 morphants. rbm24a 
morphants displayed linear presumptive ventricle and an 
incompletely formed presumptive atrium (C, D). rbm24b morphants 
displayed a linear presumptive atria and ventricle (E, F). myh6 
marking the atrium displayed a looped atrium in controls (G, H) 
with linear atrium in rbm24a (I, J), and rbm24b morphants (K, L). 
vmhc expression demarks looped ventricles in controls (M, N). 
rbm24a morphants displayed little expression bound to an 
unlooped heart tube where expression extends to the presumptive 
atrium (0, P). Almost no vmhc expression is detectable in rbm24b 
morphants (Q, R). v, ventricle region; double arrow, ventricular 
expression a, atrium region; solid black arrow, atrial expression. 



beyond the ventricular portion into the presumptive 
atrium of the heart tube (Figure 30 and 3P). For 
rbm24b morphants vmhc expression was very diffuse 
and failed to clearly mark a ventricular boundary. These 
findings for vmhc expression were unexpected; both in 
the reduction of total expression seen for both rbm24 
morphants and the apparent stronger severity of the 
ventricular phenotype compared to the atrial phenotype 
for both rbm24 morphants. Taken together the expres- 
sion of these markers highlight the differential spatial 
impact of each rbm24 ortholog in heart structure devel- 
opment of the myocardium, and is consistent with our 
previous gross morphological observations. These data 
indicate an incompletely overlapping role for rbm24a 
and rbm24b in heart tube formation and subsequent 
heart looping. 

Edema in morphant embryos may have multiple origins 

The observed cardiac edema may result from reduced 
circulation as a consequence of defects in heart struc- 
ture, heart rate, aberrant vasculature or combinations of 
these factors. Given the observed structural defects, we 
additionally assayed heart rate as a potential contributor 
to cardiac edema in the rbm24a MO and rbm24b MO 
injected embryos [12]. Heart rate counts were deter- 
mined for uninjected, rbm24a MO and rbm24b MO 
injected embryos (n = 50) at 48, 72 and 96 hpf. At 48 
hpf both rbm24a and rbm24b morphants displayed sig- 
nificantly lower heart rate compared to uninjected con- 
trols (P < 0.0002) (Figure 4). Heart rates in rbm24a MO 
injected embryos remain significantly lower than unin- 
jected controls at 72 hpf and 96 hpf. By contrast the 
heart rate of rbm24b MO injected embryos recovered 
such that it did not differ significantly from uninjected 
controls at 72 hpf and 96 hpf (P > 0.12) despite their 
continued structural anomalies. These data demonstrate 
cardiac edema is not ameliorated in rbm24b morphants 
despite heart rates increasing to normal levels, suggest- 
ing the role of other factors must be considered as con- 
tributing to compromised circulation. Although defects 
in structure and rates of contraction may contribute to 
compromised circulatory function, we posit that vascular 
disruption likely also plays a role in the resulting edema. 

rbm24a and rbm24b are required for normal 
vasculogenesis with a potential role in early angiogenesis 

To determine the functional role of rbm24a and rbm24b 
in vascular development we also undertook MO-based 
analyses of each ortholog in the TG(/:<ir/:G-RCFP) trans- 
genic zebrafish reporter line which fluorescently marks 
all endothelial cells highlighting the forming cardiovas- 
cular structures [13]. Embryos were examined for vascu- 
lar expression, after injection of rbm24a MO or rbm24b 
MO as described above, after heart formation and 
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Figure 4 Slow heart rate may contribute to cardiac edema in rbm24 morphants. Heart rates were determined for uninjected control, 
rbm24o and rbm24b morphant embryos at 48, 72 & 96 hpf and significance was ascribed from a t-test statistic. 50 embryos were examined for 
eacli condition at eacli time point. At all time-points the heart rate of rbm24a morphants was significantly lower than controls where P < 2 x 
10"^. At 48 hpf rbm24b morphants had significantly lower heart rates than controls (P = 1 x 10"^^). The heart rates for rbm24b morphants then 
rose to rates not different from controls by 72 hpf and 96 hpf {P > 0.12) while maintaining the features of the morphant phenotype. Error bars 
here are standard error. P < 0.001. 



completion of vasculogenesis at 48 and 72 hpf (Figure 
5). As per our earlier experiments, morphant embryos 
for both genes exhibit endocardial cardiac edema and a 
lack of heart looping displaying little to no circulation 
with 30/31 and 45/50 embryos displaying cardiac defects 
for rbm24a and rbm24b morphants respectively (Figure 
5D - F and 5M - O). Additionally, all rbm24a and 
rbm24b morphant embryos display a reduction in total 
trunk vasculature and vascular organization in 100% of 
the embryos (Figure 5G - I and 5P - R); however vascu- 
logenic and angiogenic vessels are disrupted to differing 
degrees. At 48 hpf rbm24a morphants posses a clearly 
present PCV appearing thicker than normal with no 
detectable DA or CV (Figure 5H). Angiogenesis is 
severely disrupted in these embryos with unpaired 
stunted dysmorphic Se also appearing thicker extending 
only to the midline of the embryo and thus a complete 
lack of DLAVs. By contrast the rbm24b morphant at 48 
hpf shows little to no disruption of the DA, a visible but 
malformed CV and no detectable PCV (Figure 5 I). 
Unlike rbm24a morphants, rbm24b morphants have less 
disruption of angiogenesis. Se in rbm24b morphants 



display pairing at the posterior end of the embryo and 
extend dorsally the length of the embryo forming one 
DLAV; however, all these vessels are structurally dys- 
morphic. Both rbm24a and rbm24b vascular morphant 
phenotypes become progressively more severe between 
48 hpf and 72 hpf. Vessels are less well organized and 
the number of vessels present is reduced, with no evi- 
dence of IV (Figure 5J - L and 5P - R). Of the morphant 
embryos displaying cardiac defects rbm24a and rbm24b 
morphants segregated into different classes of vascular 
defects, with 31/31 rbm24a morphants analyzed posses- 
sing disorganized trunk vasculature where Se do not 
extend the entire dorsal length of the embryo and the 
DA and CV are undetectable; and 50/50 rbm24b mor- 
phants had disorganized trunk vasculature where the Se 
formed DLAV and yet the PV was undetectable (Figure 
5S and 5T). These data correlate with respective primary 
vascular expression locations of rbm24a of DA and 
rbm24b of PCV and both displaying expression in the 
IV (Figure IG and IH). When expression of rbm24a or 
rbm24b is compromised formation of the vessels 
required for the initial circulation loop is similarly 
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Figure 5 Reduction of rbm24a or rbm24b results in aberrant vasculature and a lack of vascular maintenance. TG(/cdr/:G-RCFP) zebrafish 
line was used to asses the impact of rbm24 depletion on vasculature at 48 hpf and 72 hpf. Lateral views are shown for whole embryo, heart 
and trunk with a dotted outline indicating heart chamber boundaries. Uninjected controls at all time-points display looped hearts and properly 
developed vasculature. (A, D, G, J, M, P). 48 hpf rbm24o morphants possess unlooped hearts but display only the PCV and stunted disorganized 
Se (B, E, H). 48 hpf rbm24b morphants possess unlooped hearts, and only the DA and CV are visible with disorganized Se (C, F, I). By 72 hpf 
there was increased vascular disorganization and degeneration and a lack of heart looping and in both rbm24 morphants (K, N, L, 0, Q, R). 
Cardiac morphant phenotypes are displayed quantitatively as percentages; Normal, looped beating heart with no cardiac edema; Class I, looped 
beating heart with cardiac edema. Class II, unlooped beating heart tube with cardiac edema. Class III, beating heart cell mass with cardiac 
edema; Dead, extreme cell death and degradation of embryo (S). Morphant vascular phenotype classes; Class A, disorganized trunk vasculature 
with formed DLAV; Class B, disorganized trunk vasculature with truncated Se and no DLAV; Class C, no discernable PCV; Class D, no discernable 
DA or CV CO. V, ventricle; a, atrium; DA, dorsal aorta; CV, caudal vein; PCV, posterior caudal vein; Se, intersegmental vessels, DLAV, dorsal 
longitudinal anastomotic vessels; IV, intestinal vasculature. 



compromised, likely contributing significantly to the 
observed cardiac edema in morphant embryos. These 
findings indicate the endocardium is also compromised 
as a result of rbm24 knockdown and also suggests that 
both rbm24a and rbm24b are independently necessary 
for normal early vascular development and support a 
putative role for rbm24a in angiogenesis. 

rbm24a and rbm24b exhibit incompletely overlapping 
functions in zebrafish development 

To determine whether rbm24a and rbm24b interact 
genetically in the developing zebrafish embryo, we 



injected low doses of both rbm24a and rbm24b MOs 
into the same embryo. Although each MO dosage 
amount was too low (2.5 ng and 4 ng respectively) to 
elicit a strong consistent phenotype alone as evidenced 
by titration experiments (Additional File 1), a much 
more severe phenotype resulted in the morphants 
receiving both MOs in concert (Figure 6). The double 
morphants displayed greater cardiac edema at 24 hpf 
than either morphant alone (Figure 6 A - D). By 48 hpf, 
the double morphants also displayed very little cardiac 
organization, with most (73/93) failing to form any 
heart tube structure. No double morphants displayed 
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Figure 6 Double rbm24a and rbm24b morphants display more 
severe cardiac defects. Morpholinos directed to each rbm24 
ortholog were injected individually and in tandem into zebrafish 
embryos and assessed at 24 hpf and 48 hpf compared to 
uninjected embryo hearts (A and E). Individual morpholino 
injections were titrated to a low dose for both rbm24a, 2.5 ng (B 
and F) and rbm24b, 4ng (C and G). Embryos receiving low doses of 
both rbm24o and rbm24b morpholinos resulted in more severe 
phenotype than either low dose MO alone, exhibiting severe 
cardiac defects and increased edema (D and H). 



any circulation (Figure 6E- H). This severe and distinc- 
tive phenotype exceeds that observed for either MO 
when assayed independently, even at the higher concen- 
trations that yield consistent cardiac defects (5 ng of 
rbm24a MO or 8 ng rbm24b MO). These data support 
the possibility that roles for rbm24 orthologs may over- 
lap during cardiovascular development. 

Discussion 

Rbm24 is a novel cardiac gene candidate identified 
through transcript profiling of differentiating mESCs [5]. 
It was initially selected for functional analysis due to its 
early cardiac expression during mouse development, 
first detected by in situ hybridization in the cardiac cres- 
cent of mice, and subsequently in the heart tube and 
looping heart. 

We integrated syntenic and sequence-based compara- 
tive genomic analyses to identify two rbm24 orthologs 
in zebrafish, establishing that their expression was con- 
cordant with our earlier observations in mice. In the 
zebrafish embryo, a reduction of either rbm.24 ortholog 
expression by injection of morpholinos results in cardiac 
looping defects and reduced circulation. These embryos 
later exhibit cardiac edema and distention as early as 48 
hpf, but this is likely a secondary effect of reduced 
rbm24 expression, due instead to reduced circulation 
[14]. Our data suggests that reduced circulation is likely 
due to a reduction in critical vasculature and not simply 
reduced heart rate. Additionally, reduction of either 
rbm24a or rbm24b independently yielded vascular 
defects of both myocardium and endocardium. We 
exclude general toxicity or off target effects as the cause 
of the observed morphant phenotype by confirming they 



remain without amelioration in the presence of pS3 
MO. We also confirmed the morphant phenotypes are 
sequence-specific by successfully achieving RNA-based 
phenotype rescue. 

Investigation of molecular markers for myocardial 
development further illuminated the impact of reducing 
rbm24 expression. Both rbm24 orthologs are detected in 
the developing heart by in situ hybridization by 24 hpf 
and sustain expression at least through 72 hpf. In all 
cases a reduction of rbm24a or rbm24b was sufficient to 
prevent heart looping noted at 48 hpf and beyond, 
where normal heart looping occurs at approximately 36 
hpf. Expression of rbm24a is unequal between the ven- 
tricle and atrium with stronger expression in the atrium 
while rbm24b shows equivalent expression in both 
chambers. This skewed expression of rbm24a at higher 
levels in the atrium is illustrated by truncated and 
abnormal atrium formation of the developing heart in 
rbm24a MO injected embryos demonstrating its 
requirement for cardiogenesis, including atrial specifica- 
tion, at this early stage. A reduction in either rbm24 
ortholog severely disrupts the expression level and loca- 
lization of ventricular marker vmhc yielding little to no 
expression visible in either rbm.24 morphant condition. 
Reduced ventricular myocardial count disproportionate 
to the atrium has also been reported with deficient nkx 
and hedgehog signaling [15,16]. Although reduction of 
each rbm24 results in incompletely overlapping atrial 
and ventricular phenotypes, reduction of either is suffi- 
cient to compromise the looping of the heart tube. The 
looping of the heart tube is a result of both genetic and 
biophysical mechanisms, and perturbation of the 
mechanical force generated by the contraction of the 
heart chambers can affect proper heart formation [17]. 
Zebrafish wea mutants {myh6), display distortions in 
cardiac looping, but still maintain a functional circula- 
tory system due to the adaptation of the ventricle [18]. 
This suggests that reduction in rbm24a expression 
impacts both the ventricle and atrium, likely in the orga- 
nization or structure of the muscle filaments, in addition 
to cardiomyocyte count, in turn affecting the ability of 
the heart to circulate blood. 

Although both rbm24a MO and rbm24b MO injected 
embryos display an additional phenotype of aberrant 
vascular morphology, with defects in vasculogenesis and 
angiogenesis the defect in rbm24a morphants appears 
more severe. The observed phenotypes, however, are 
also consistent with the exhibited localization of each 
rbm.24 ortholog, wherein rbm24a is expressed in the DA 
and rbm24b is expressed in the PCV by 72 hpf. The 
expression difference likely reflects the acquisition of 
independent roles since duplication of the ancestral 
gene [19,20], resulting in incompletely overlapping func- 
tions for these orthologs in vasculogenesis. Angiogenesis 
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is impaired when expression of either rbm24 ortholog is 
reduced. The integrity of these first vessesls of angiogen- 
esis (Se and two DLAVs) deteriorates over time. In 
rbm24a morphants Se are more severely affected not 
reaching the dorsal line to form DLAVs at 48 hpf and 
continue to deteriorate by 72 hpf. This may result form 
the lack of any discernable DA. rbm24b morphants still 
possessed a visible DA but no PCV, Se and one DLAV 
were present and only displayed mild morphology 
alterations at 48 hpf with subsequent severe deteriora- 
tion by 72 hpf. In the case of all rbm24 morphants there 
is an inability to maintain the new vessels formed during 
angiogenesis and a wasting of any vessels resulting from 
vasculogenesis. It is unclear the molecular basis of this 
blood vessel deterioration. Normal rbm24 expression 
may be playing a direct role in the vascular maintenance 
or the angiogenesis pathway. Also to be considered is 
that a lack of sufficient concentrations of growth factors 
and mitogens due to insufficient circulation may be pre- 
venting maintenance of initiated vasculature, since it has 
been shown Se sprouting and extension involves several 
rounds of cell division [21] and vegfA is required for 
vascular maintenance [22]. 

The incompletely overlapping role of rbm24a and 
rbm24b in the developing heart and vasculature is under- 
scored by the extreme phenotype observed in the double 
morpholino injections. rbm24a and rbm24b appear to act 
in parallel in cardiac development, converging on a com- 
mon phenotype for which they are both overtly required. 
By contrast in vasculogenesis, rbm24a and rbm24b 
appear to function in parallel but differentially in artery 
and vein formation, resulting in different vascular pheno- 
types which are individually sufficient to disrupt forma- 
tion of the initial embryonic circulation loop. Further 
analyses will be required to determine the mechanistic 
role played by rbm24a/b and whether their roles involve 
one or all of the above-discussed mechanisms. 

The critical role for rbm24 in cardiogenesis raises the 
question whether mutations at the orthologous human 
locus may contribute to cardiac disorders. Interestingly, 
Wessels et al. recently identified a novel cardiac syn- 
drome with noncompaction cardiomyopathy, bradycar- 
dia, pulmonary stenosis, atrial septal defects, and 
heterotaxy with genetic linkage to human chromosome 
6p [23]. Genome-wide linkage analysis localized the 
implicated interval to chromosome 6p24.3-21.2, a region 
encompassing the human RBM24 ortholog (6p22.3), 
making it an ideal candidate for variation underlying 
this phenotype. However, sequencing of all RBM24 cod- 
ing exons, intron/exon boundaries and the upstream 
promoter region in two affecteds, revealed only known 
polymorphisms (rsl0456798 and rs35860841) that were 
also observed in a heterozygous state in an unaffected 
family member. While we can exclude a role for RBM24 



coding mutations, additional sequencing of putative reg- 
ulatory sequences will be necessary to determine if 
RBM24 may play a role in this syndrome. 

Conclusion 

Our data provide significant insight into the role of 
rbm24 in formation of cardiac and vascular systems, 
however much remains to be learned about the exact 
mechanism by which it functions and the role RBM24 
may play in human disease. Other RRM containing pro- 
teins have also been shown to serve important roles in 
embryonic development [24,25] and post-transcriptional 
regulation is a frequent theme. With this in mind, we 
hypothesize that the protein plays a role in the post-tran- 
scriptional regulation of gene expression important for 
cardiac and vascular development. In the case of rbm24a 
and rbm24b depletion for instance, we found that expres- 
sion of the ventricular marker vmhc is nearly abolished in 
the heart at 72 hpf, suggesting they both may contribute 
to specific regulation of vmhc mRNA. We will continue 
elucidate the role and mechanisms of rbm24 function in 
embryonic development. Furthermore, this study demon- 
strates the power of the screen that uncovered Rbm24 as 
a candidate cardiac gene, adding significant value to the 
original data set for which this work represents just the 
first of many such analyses awaiting completion. 

Methods 

Zebrafish maintenance 

Adult AB zebrafish were maintained in system water 
according to standard methods [26]. Embryos were 
obtained from natural mating of adult fish. All experi- 
ments were in accordance with ethical permits by Johns 
Hopkins Animal Care and Use Committee under proto- 
col number FI10M369. 

Bioinformatic identification of zebrafish rbm24 orthologs 

We used the amino acid sequence of the protein encoded 
by the mouse Rbm24 gene to perform a blastp query 
searching the NCBI RefSeq database of D. rerio proteins 
from the Zv8 2008 genome assembly. Two genes were 
identified {rbm24 and zgc:136803) which encode proteins 
displaying strong similarity to the mouse Rbm24 protein 
(E-value = 5e-61; 103/116 (88%) and E-value = 3e-90; 
188/237 (79%), respectively). As of the Zv9 2010 D. rerio 
genome assembly NCBI RefSeq now annotates the two 
genes we previously identified as two rbm24 paralogs 
with protein coding transcripts: rbm24a on chromosome 
19 (RefSeq ID: NM_212865) and rbm24b on chromo- 
some 16 (RefSeq ID: NM_001039925). 

Nucleic Acid in situ hybridization 

Total RNA was isolated from whole zebrafish embryos at 
24 hpf using TRIzol Reagent and total cDNA was 
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generated with oligo-dT using the Superscript III First- 
Strand Synthesis Kit (Invitrogen). Riboprobes for rbm24a, 
rbm24b, myl7, myh6, and vmhc were generated by PGR 
amplification of embryo cDNA. PGR fragments were 
TOPO cloned into PGRII vector (TA Gloning Kit Dual 
Promoter with pGRII vector, Invitrogen) and transformed 
into TOP 10 Gells (Invitrogen). Golonies were mini cul- 
tured and plasmid DNA was harvested using the QIAprep 
Spin Miniprep Kit (Qiagen) Digoxygenin-labeled ribop- 
robes were synthesized from 1 (ig plasmid DNA using Sp6 
and T7 RNA Polymerase (DIG RNA Labeling Kit SP6/T7, 
Roche), and purified (SigmaSpin Golums, Sigma). Embryos 
for in situ hybridization at 48 hpf and older were treated 
with 0.003% l-phenyl-2-thiourea (PTU) beginning at 48 
hpf to reduce pigmentation. Embryos were fixed in 4% 
paraformaldehyde in PBS overnight at 4°G at 15.5 hpf, 24 
hpf, 48 hpf, and 72 hpf; and in situ hybridization was per- 
formed as previously described [27]. 

Morpholino design and injection 

Antisense morpholinos for rbm24a and rbm24b were 
designed and provided by Gene Tools, LEG. The rbm24a 
translation blocking morpholino (5'-TGGATGGTGAG- 
GAAAGGGTGAAGTG-3') and the rbm24b translation 
blocking morpholino (5'-AAATAAAGTGGTTGGTGGTT- 
GAAGG-3') were designed to hybridize to the 5' UTR 
immediately upstream of the translational start site. Mor- 
pholinos were diluted with dH20 to 20 ng/nE and titration 
experiments were conducted at 1, 2, 5 and 10 ng rbm24a 
MO and 1, 2.5, 5, 7 and 9 ng rbm24b MO to determine an 
effective dose (n = 100 embryos per concentration). 
Experimental concentrations of 5 ng rbm24a or 8 ng 
rbm24b MO were selected and injected into the yolks of 
1-2 cell fertiUzed embryos (n = 75). Double knockdown 
experiments were conducted with co-injection of 2.5 ng 
rbm24a and 4 ng rbm24b translation blocking MO into 
embryos and compared to embryos injected with these 
amounts of either MO alone. The rbm24a splice blocking 
MO (5' GGTTATTTGAGATGGGTGAGTGTT 3') and 
the rbm24b splice blocking MO (5' TATTTTGAGGT- 
TATTTAGGTGGGTG 3') were designed to hybridize to 
the boundary of the second exon and second intron of the 
transcript and injected at 7.5 ng and 9 ng respectively. 
Antisense pS3 MO (5'-GGGGGATTGGTTTGGAA- 
GAATTG-3') previously published [28] was purchased 
from Gene Tools, EEG and 1 ng was injected into 1-2 cell 
stage fertilized embryos both with and without each 
rbm24 translation blocking MO (n = 50) [29]. Embryos 
were analyzed for cardiac and vascular phenotypes at 48, 
72 and 96 hpf. 

RT-PCR to determine transcript knock down efficiency 

Total RNA was isolated using TRIzol Reagent (Invitro- 
gen) from whole morphant zebrafish embryos at 24 hpf 



after injection of either 7.5 ng rbm24a or 9 ng rbm24b 
splice blocking MO. Total cDNA was generated with 
oligo-dT using Superscript III First-Strand Synthesis 
(Invitrogen). RT-PGR was carried out via the standard 
curve method on a Bio-Rad DNA Engine Opticon 2 
Real-Time Detection System with primers specific to the 
correctly spliced transcripts at 100 ng input cDNA. 
Uninjected 24 hpf embryo cDNA was used to generate a 
standard curve and cDNA from uninjected experimental 
control embryos was assayed at 100 ng cDNA as the 
standard for 100% expression. All reactions were run in 
triplicate at 25 (iL volumes using Power Sybr Green 
PGR Master Mix (Ix final) (Applied Biosystems), pri- 
mers at final concentration 0.08 (iM each. Significance 
of expression reduction was determined using the stu- 
dents t-test statistic comparing transcript levels of 
rbm24a or rbm24b in uninjected controls to that mea- 
sured cDNA from their respective morphants. 

rbm24 MO phenotype rescue 

Total RNA was isolated from whole zebrafish embryos 
24 hpf using TRIzol Reagent (Invitrogen) and total 
cDNA was generated with oligo-dT using Superscript 
III First-Strand Synthesis (Invitrogen). Full length 
rbm24a and rbm24b cDNA were PGR amplified and 
cloned into the pGR8 gateway vector (pGR^GW/TOPO 
TA Gloning Kit, Invitrogen) before being cloned into 
the pGSDEST destination vector (kindly provided by the 
lab of Nathan Lawson, UMass Med School). Full length 
sense capped Poly-A RNA was generated for rbm24a 
and rbm24b with the mMESSAGE mMAGHINE kit 
(Ambion) and quantified with a NanoDrop 1000. Full 
length RNA was co-injected into 1-2 cell embryos with 
rbm24a MO or rbm24b MO at titrating levels and eval- 
uated for phenotype rescue at 48, 72 and 96 hpf. Rescue 
was confirmed with 800 pg rbm24a RNA and 50 pg 
rbm24b RNA. 

Sequence analysis 

Genomic DNA from two patients and an unaffected 
family member were included [23]. Direct sequencing of 
part of the promoter region (1031 bp), all exons plus 
exon-intron boundaries and a putative regulatory ele- 
ment in intron 3 (1164 bp) of the RBM24 gene was 
undertaken. Primers were designed to cover all four 
exons representing the "canonical" sequence 
(ENST00000379052, transcript length 2,458 bp and 236 
aa, http://www.ensembl.org). PGR primers were 
designed by Primer3 software http://frodo.wi.mit.edu/ 
cgi-bin/primer3/primer3.cgi and are available on 
request. Amplified PGR products were purified and 
sequenced using BigDye Terminator chemistry v3.1 on 
an ABI Prism 3130;^/ genetic analyzer (Applied Biosys- 
tems). Biomedical research involving human subjects 
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has been performed according to the principles of the 
Helsinki's Declaration. Written informed consents were 
obtained from the patients and relatives involved in the 
research. Genomic DNA was taken from patients as per 
standard care and therefore ethical approval was not 
required. 

Heart Rate counts 

Heart rates (beats per minute) were counted for unin- 
jected, rbm24a MO and rbm24b MO injected embryos 
displaying the morphant phenotype at 48, 72 and 96 
hpf. 50 embryos were analyzed per condition per time 
point. Average heart rates with standard error were 
plotted and significant heart rate deviation of morphants 
compared to uninjected controls was determined using 
the students t-test. 

Fluorescent vascular imaging 

The transgenic zebrafish line TG(/:<ir/:G-RCFP) gener- 
ated by Cross and colleagues [13] was used for vascular 
expression. Adult fish and embryos were maintained as 
described [26]. Embryos were injected with either 5 ng 
rbm24a MO or 8 ng rbm24b MO at the 1-2 cell stage 
and analyzed at 48 and 72 hpf for G-RCFP expression 
via fluorescence microscopy. 

Additional material 



Additional file 1: Translation Blocking MO titrations. Quantitative 
representation of percentage of embryos displaying cardiac phenotypes 
achieved from MO titrations. rbm24a MO 1, 2, 5 and 10 ng injected (A). 
rbm24b MO 1, 2.5, 5, 7 and 9 ng (B). Normal, looped beating heart with 
no cardiac edema; Class I, looped beating heart with cardiac edema; 
Class II, unlooped beating heart tube with cardiac edema; Class III, 
beating heart cell mass with cardiac edema; Dead, extreme cell death 
and degradation of embryo, n = 100 embryos per concentration. 

Additional file 2: Uninjected zebrafish heart 48 hpf. Digital video 
(time-lapse) captured of an uninjected control embryo (lateral) at 48 hpf. 
Movie demonstrates the looped structure and regular rhythm of the 
normal heart. 

Additional file 3: rbm24a MO injected zebrafish heart 48 hpf. Digital 
video (time-lapse) captured of an rbm24a MO injected embryo (lateral) at 
48 hpf. Movie highlights the unlooped (linear) structure of the rbm24a 
morphant heart displaying edema at this stage in development. Atrial 
and ventricular chambers are still evident despite structural anomaly; 
however contraction is slow. 

Additional file 4: rbm24b MO injected zebrafish heart 48 hpf. Digital 
video (time-lapse) captured of an rbm24b MO injected embryo (lateral) at 
48 hpf. Movie highlights the unlooped (linear) structure of the rbm24b 
morphant heart displaying edema at this stage in development. Atrial 
and ventricular chambers are still evident despite structural anomaly. 

Additional file 5: Uninjected zebrafish heart 72 hpf. Digital video 
(time-lapse) captured of an uninjected control embryo (lateral) at 72 hpf. 
Movie demonstrates the looped structure and regular rhythm of the 
normal heart, with circulation at this stage in development. 

Additional file 6: rbm24a MO injected zebrafish heart 72 hpf. Digital 
video (time-lapse) captured of an rbm24a MO injected embryo (lateral) at 
72 hpf. Movie highlights the unlooped (linear) structure of the rbm24a 
morphant heart at this stage in development with cardiac edema. Heart 



atrial and ventricular chambers are difficult to distinguish and contracting 
with marked irregularity, with no circulation is detectable. 

Additional file 7: rbm24b MO injected zebrafish heart 72 hpf. Digital 
video (time-lapse) captured of an rbm24b MO injected embryo (lateral) at 
72 hpf. Movie highlights the unlooped (linear) structure of the rbm24b 
morphant heart at this stage in development with additional cardiac 
edema. Atrial and ventricular chambers are still evident but highly 
distended, with no circulation is detectable. 

Additional file 8: Uninjected zebrafish heart 96 hpf. Digital video 
(time-lapse) captured of an uninjected control embryo (lateral) at 96 hpf. 
Movie demonstrates the looped structure and regular rhythm of the 
normal heart, with circulation at this stage in development. 

Additional file 9: rbm24a MO injected zebrafish heart 96 hpf. Digital 
video (time-lapse) captured of an rbm24a MO injected embryo (lateral) at 
96 hpf. Movie highlights the unlooped (linear) structure of the rbm24a 
morphant heart at this stage in development with extreme cardiac 
edema. Heart atrial and ventricular chambers are difficult to distinguish 
and contracting with marked irregularity, with no circulation is 
detectable. 

Additional file 10: rbm24b MO injected zebrafish heart 96 hpf. 

Digital video (time-lapse) captured of severe example of one rbm24b MO 
injected embryo (lateral) at 96 hpf. Movie highlights the phenotype of 
the unlooped (linear) highly distended heart of rbm24b morphants at 
this stage in development, with no detectable circulation. The heart with 
distinct atrial and ventricular chambers is highly distended and 
contracting with marked irregularity, with no circulation is detectable. 

Additional file 11: rbm24a and rbm24b splice blocked morphants 
display cardiac defects. Injection of 7.5 ng of rbm24a splice blocking 
morpholino results in a substantial reduction of full-length transcript (A). 
Injection of 9 ng of rbm24b splice blocking morpholino results in 
aberrant splicing of the transcript. There is a reduction of full-length 
transcript 250 bp fragment and appearance of trace amounts of the 
shortened frameshift fragment 164 bp and shortened in-frame transcript 
109 bp (B). RT-PCR measurement of transcript levels show both rbm24a 
(42.80% +/- 3.35, P < 6.5 X 10'^) and rbm24b (40.27 +/- 3.19, P < 4.4 x 
10"^) morphants have significant reduction of transcript levels compared 
to uninjected controls (C) Error bars are standard deviation, *** P < 0.001. 

Additional file 12: Supplemental Table 1. Cardiac phenotypes 
displayed upon knockdown of rbm24a or rbm24b expression via splice 
blocking morpholino. 

Additional file 13: p53 MO co-injection does not alter rbm24a and 
rbm24 morphant phenotypes. Phenotypes were evaluated for embryos 
post injection rbm24a MO (5 ng) or rbm24b MO (8 ng) alone or in 
conjunction with p53 MO (1 ng) phenotypes were compared at 48, 72 & 
96 hpf. Lateral heart views are shown with a dotted outline around 
embryo heart chambers. No cardiac phenotype is detected for p53 MO 
embryos compared to uninjected controls at any time point (A-B, G, H, 
M, N). At all time points rbm24a morphants maintain unlooped hearts 
and display cardiac edema in the presence of p53 MO (C, D, I, J, 0, P). 
Morphant phenotype was also maintained between rbm24b morphants 
in the presence of p53 MO (E, F, K, L, Q, R). v, ventricle; a, atrium; black 
arrows, cardiac edema. 
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Acknowledgements 

This study was supported by a grant from the MSCRF (2007-MSCRFE-0205) 
to ASM and the Johns Hopkins University Institute for Cell Engineering to 
JDG. SM is supported by funds from the National Institute of Standards and 
Technology. We thank Colin Huck and the Johns Hopkins FINZ Center for 
zebrafish husbandry and technical support. 



Ma rag h et al. BMC Developmental Biology 201 1 , 1 1 :62 Page 1 3 of 1 3 

http://www.biomedcentral.eom/1 471 -21 3X/1 1/62 



Author details 

^Biochemical Science Division, National Institute of Standards and 
Technology, Gaithersburg, MD 20899, USA. ^McKusick-Nathans Institute of 
Genetic Medicine, Johns Hopkins University School of Medicine, Baltimore, 
MD, 21205, USA. ^CBG Department of Clinical Genetics, Erasmus Medical 
Centre, 3016 AH Rotterdam, The Netherlands. ^Department of Genetics and 
Bioinformatics Research Center, North Carolina State University, Raleigh, NC, 
27695-7566, USA. ^Institute for Regenerative Medicine, University of 
Pennsylvania, Philadelphia, PA 19104, USA. ^Department of Cell and 
Developmental Biology, University of Pennsylvania, Philadelphia, PA 19104, 
USA. ^Department of Molecular and Comparative Pathobiology, Johns 
Hopkins University School of Medicine, Baltimore MD, 21205, USA. 

Authors' contributions 

SM and RM carried out in situ hybridization, morpholino analysis, 
experimental design and drafted the manuscript, while RM also designed 
antisense morpholinos. SM additionally conducted heart rate experiments, 
vascular experiments and assembled the figures and manuscript draft. SB 
carried out microinjections. DM contributed to in situ hybridization 
experimental data. MW, BD and AB conducted human RBM24 sequencing 
experiments on patient samples. ES, JG and SF provided intellectual input 
and experimental expertise. AM edited the manuscript, provided continuous 
experimental design, intellectual input and experimental expertise. All 
authors read and approve the final manuscript. 

Received: 8 May 201 1 Accepted: 19 October 201 1 
Published: 19 October 2011 

References 

1. Lints TJ, Parsons LM, Hartley L, Lyons I, Harvey RP: NI<x-2,5: a novel murine 
homeobox gene expressed in early heart progenitor cells and their 
myogenic descendants. Development 1993, 119:969. 

2. Stainier DY, Fouquet B, Chen JN, Warren KS, Weinstein BM, Meiler SE, 
Mohideen MA, Neuhauss SC, Solnica-Krezel L, Schier AF, et al: Mutations 
affecting the formation and function of the cardiovascular system in the 
zebrafish embryo. Development 1996, 123:285-92. 

3. Evans SM, Yelon D, Conlon FL, Kirby ML: Myocardial lineage development. 
CircRes 2010, 107:1428-44. 

4. Stainier DY: Zebrafish genetics and vertebrate heart formation. Nat Rev 
Genet 2001, 2:39-48. 

5. Miller RA, Christoforou N, Pevsner J, McCallion AS, Gearhart JD: Efficient 
array-based identification of novel cardiac genes through differentiation 
of mouse ESCs. PLoS ONE 2008, 3:e2176. 

6. Finn RD, Mistry J, Schuster-Bockler B, Griffiths-Jones S, Hollich V, 
Lassmann T, Moxon S, Marshall M, Khanna A, Durbin R, et al: Pfam: clans, 
web tools and services. Nucleic Acids Res 2006, 34:0247-51. 

7. Oubridge C, Ito N, Evans PR, Teo CH, Nagai K: Crystal structure at 1.92 A 
resolution of the RNA-binding domain of the U1A spliceosomal protein 
complexed with an RNA hairpin. Nature 1994, 372:432-8. 

8. Auweter SD, Oberstrass EC, Allain FH: Sequence-specific binding of single- 
stranded RNA: is there a code for recognition? Nucleic Acids Res 2006, 
34:4943-59. 

9. Ellertsdottir E, Lenard A, Blum Y, Krudewig A, Herwig L, Affolter M, 
Belting HG: Vascular morphogenesis in the zebrafish embryo. Dev Biol 
2010, 341:56-65. 

10. Isogai S, Horiguchi M, Weinstein BM: The vascular anatomy of the 
developing zebrafish: an atlas of embryonic and early larval 
development. Dev Biol 2001, 230:278-301. 

11. Kasahara M, Naruse K, Sasaki S, Nakatani Y, Qu W, Ahsan B, Yamada J, 
Nagayasu Y, Doi K, Kasai Y, et al: The medaka draft genome and insights 
into vertebrate genome evolution. Nature 2007, 447:714-9. 

12. Baker K, Warren KS, Yellen G, Fishman MC: Defective "pacemaker" current 
(Ih) in a zebrafish mutant with a slow heart rate. Proc Natl Acad Sci USA 
1997, 94:4554-9. 

13. Cross LM, Cook MA, Lin S, Chen JN, Rubinstein AL: Rapid analysis of 
angiogenesis drugs in a live fluorescent zebrafish assay. Arterioscler 
Thromb Vase Biol 2003, 23:91 1-2. 

14. Mitchell IC, Brown TS, Terada LS, Amatruda JF, Nwariaku FE: Effect of 
vascular cadherin knockdown on zebrafish vasculature during 
development. PLoS One 2010, 5:e. 



15. Targoff KL, Schell T, Yelon D: Nkx genes regulate heart tube extension 
and exert differential effects on ventricular and atrial cell number. Dev 

Biol 2008, 322:314-21. 

16. Thomas NA, Koudijs M, van Eeden FJ, Joyner AL, Yelon D: Hedgehog 
signaling plays a cell-autonomous role in maximizing cardiac 
developmental potential. Development 2008, 135:3789-99. 

1 7. Taber LA: Biophysical mechanisms of cardiac looping. Int J Dev Biol 2006, 
50:323-32. 

18. Berdougo E, Coleman H, Lee DH, Stainier DY, Yelon D: Mutation of weak 
atrium/atrial myosin heavy chain disrupts atrial function and influences 
ventricular morphogenesis in zebrafish. Development 2003, 130:6121-9. 

19. Ekker M, Wegner J, Akimenko MA, Westerfield M: Coordinate embryonic 
expression of three zebrafish engrailed genes. Development 1992, 
116:1001-10. 

20. Kleinjan DA, Bancewicz RM, Gautier P, Dahm R, Schonthaler HB, Damante G, 
Seawright A, Hever AM, Yeyati PL, van Heyningen V, et al: 
Subfunctionalization of duplicated zebrafish pax6 genes by cis- 
regulatory divergence. PLoS Genet 2008, 4:e29. 

21. Blum Y, Belting HG, Ellertsdottir E, Herwig L, Luders F, Affolter M: Complex 
cell rearrangements during intersegmental vessel sprouting and vessel 
fusion in the zebrafish embryo. Dev Biol 2008, 316:312-22. 

22. Bahary N, Goishi K, Stuckenholz C, Weber G, Leblanc J, Schafer CA, 
Berman SS, Klagsbrun M, Zon LI: Duplicate VegfA genes and orthologues 
of the KDR receptor tyrosine kinase family mediate vascular 
development in the zebrafish. Blood 2007, 110:3627-36. 

23. Wessels MW, De Graaf BM, Cohen-Overbeek TE, Spitaels SE, de Groot-de 
Laat LE, Ten Gate FJ, Frohn-Mulder IF, de Krijger R, Bartelings MM, Essed N, 
et al: A new syndrome with noncompaction cardiomyopathy, 
bradycardia, pulmonary stenosis, atrial septal defect and heterotaxy with 
suggestive linkage to chromosome 6p. Hum Genet 2008, 122:595-603. 

24. Anyanful A, Ono K, Johnsen RC, Ly H, Jensen V, Baillie DL, Ono S: The RNA- 
binding protein SUP-12 controls muscle-specific splicing of the ADF/ 
cofilin pre-mRNA in C. elegans. J Cell Biol 2004, 167:639-47. 

25. Markus MA, Morris BJ: Lark is the splicing factor RBM4 and exhibits 
unique subnuclear localization properties. DNA Cell Biol 2006, 25:457-64. 

26. Westerfield M: The Zebrafish Book. A Guide for the Laboratory Use of 
Zebrafish (Danio rerio). Eugene, OR: University of Oregon Press;, 3 1995. 

27. Miller-Bertoglio VE, Fisher S, Sanchez A, Mullins MC, Halpern ME: Differential 
regulation of chordin expression domains in mutant zebrafish. Dev Biol 
1997, 192:537-50. 

28. Langheinrich U, Hennen E, Stott G, Vacun G: Zebrafish as a model 
organism for the identification and characterization of drugs and genes 
affecting p53 signaling. Curr Biol 2002, 12:2023-8. 

29. Robu ME, Larson JD, Nasevicius A, Beiraghi S, Brenner C, Farber SA, 

Ekker SC: p53 activation by knockdown technologies. PLoS Genet 2007, 3: 
e78. 



doi:1 0.1 186/1 471 -21 3X-1 1-62 

Cite this article as: Maragh et al.: Identification of RNA binding motif 
proteins essential for cardiovascular development. BMC Developmental 

Biology 20]] 11:62. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.biomedcentral.com/submit 



o 



BioMed Central 



